Object. For gene therapy strategies currently in clinical trials, viral vectors are used to deliver transgenes directly to normal and tumor cells within the central nervous system (CNS). The use of viral vectors is limited by several factors. The aim of this study was to assess whether embryonic stem cell (ESC)-derived astrocytes expressing a doxycyclineinducible transgene can be used as a vector for gene therapy.
Malignant gliomas are the most common primary brain tumors in adults. The prognosis for survival in patients with malignant gliomas is still only 1 year after diagnosis, even with the most aggressive surgical, radiation, and chemotherapeutic treatments. 44 New strategies focused on targeting brain tumor cells while sparing normal tissue include cell and/or gene therapy approaches. Although chemotherapy has been incorporated into the treatment of various intracranial neoplasms, the resistance and invasive nature of these tumors compel us to find a new strategy for treatment.
For gene therapy strategies currently being tested in clinical trials, viral vectors are used to deliver therapeutic transgenes directly to normal and tumor cells within the CNS. 8, 13, 19 Viral vectors, however, have a number of theoretical and practical limitations, including limited diffusion into brain parenchyma, poor transfection, antigenicity, and risk of potential insertional mutagenesis with formation of new tumors. 20, 37 The use of genetically modified cells to deliver gene therapy to the CNS may avoid some of these limitations. 12 Astrocytes are native to the CNS, which should maximize their survival and function after transplantation. Astrocytes are a highly secretory cell type that are able to generate large amounts of transgenic protein. 2, 11 Therefore, transplanted astrocytes should be protective within the host brain. 38 Finally, normal astrocytes have the ability to migrate along white matter tracts after transplantation into the brain. 16, 17, 42 This migratory capacity may be useful for delivery of gene therapy to infiltrative tumors like malignant gliomas.
Astrocytes could be obtained from a number of different sources. Autologous samples from the pluripotent neural precursors in the ventricles or from fetal tissue could provide some astrocytes for transplantation. These approaches are hazardous, and their capability of generating sufficient numbers of cells is limited. The use of ESCs could provide an alternative source of astrocytes that overcome these difficulties. The aforementioned cells are totipotent types that are obtained from the inner cell mass while in the blastocyst stage and have the capacity to differentiate into any cell in the body. 24, 28, 29, 33, 45 Our recent work shows that we can generate a pure population of astrocytes from mouse ESCs and that these cells express transgene under doxycycline control while minimizing contamination by potentially hazardous, undifferentiated ESCs.
has been shown to induce apoptosis in a variety of transformed cell lines and still spare most normal cells. 4, 21, 23 Transduction by adenoviral vector expression of hTRAIL cDNA (Ad.TRAIL-GFP) resulted in direct tumor cell death as well as a potent effect through presentation of TRAIL by transduced normal cells. Administration of Ad.TRAIL-GFP significantly prolonged survival of mice harboring intracerebral glioblastomas. 39 Systemic administration of recombinant TRAIL protein was associated with minimal toxicity in recent clinical trials for tumors other than brain lesions.
Our recent work shows that we can generate a pure population of transgenic ESC-derived astrocytes with a highly regulated, robust conditional expression of TRAIL under the control of a tetracycline-inducible promoter that induces tumor cell death in vitro (unpublished data). Based on our recent work, we hypothesize that ESC-derived, doxycycline-inducible, TRAIL-expressing astrocytes may represent an effective and novel approach for treatment of human malignant gliomas. To our knowledge this is the first report of transgene-expressing ESC-derived astrocytes as a gene delivery vector in brain tissue.
MATERIALS AND METHODS

Cell Lines and Culture
The Ainv-18 embryonic stem cells (gift of Dr. Michael Kyba, University of Texas Southwestern Medical Center, Dallas, TX) constitutively express a doxycycline-binding transcriptional activator fusion protein and include a doxycycline-responsive promoter upstream of a Lox cloning site. 25 Genes cloned into the Lox site using Cre-assisted recombination 41 are then expressed when the cells are exposed to doxycycline. Mouse ESCs were passaged and maintained according to previously published protocols, and these cells were then directed to differentiate into astrocytes by using protocols recently developed in our laboratory. 7 
Construction of Ainv-hTRAIL ESCs
A cDNA containing the entire coding sequence of hTRAIL (gift of Dr. Bingling Fang, MD Anderson Cancer Center, Houston, TX) 22 was cloned into the pLox vector (gift of Dr. Kyba) 25 and sequenced at the Mount Sinai School of Medicine Core Sequencing Facility. The hTRAIL-pLox plasmid DNA and Cre recombinase-expressing helper plasmid DNA were prepared using a column purification system (Qiagen, Valencia, CA) and electroporated into appropriately prepared Ainv-18 mouse ESCs. Electroporated Ainv-18 cells were plated onto drug-resistant embryonic feeder cells, and recombinant clones were selected using increasing concentrations of G418. Individual G418-resistant colonies were selected and expanded. Insertion of transgene into the Lox cloning site was confirmed using PCR from a genomic DNA template. (Forward primer: 5Ј-GTG GCT GTA ACT TAC GTG TA-3Ј; reverse: 5Ј-TTG ATA GAT GGA ATA GAG TC-3Ј; conditions: 35 cycles, 2-minute 95˚C denature; 15-second 95˚C denature; 30-second 60˚C annealing; 60-second 72˚C extension; 10-minute 72˚C elongation.)
Analysis of Gene Expression and RT-PCR
The Ainv-hTRAIL ESCs or astrocytes were cultured for 24 hours in the presence or absence of 1 g/ml doxycycline (Sigma Chemical Co., St. Louis, MO) and harvested for RT-PCR assays. Total cellular RNA from cultured cells was purified using the RNeasy kit (Qiagen), with one-column DNAse treatment. All RNA preparations were spectrophotometrically quantified and examined for degradation by using gel electrophoresis prior to RT. The RT was performed on 1 g of total RNA by using the Omniscript kit (Promega, Madison, WI) and PDN6 random hexamer primers (Pharmacia, Piscataway, NJ) in a total volume of 20 l. The 12.5-l PCR mixtures each contained 0.5 l of cDNA template. All PCR amplifications were performed for 35 cycles. The PCR products were examined on 1.8% agarose gels and photographed using an Eagle Eye II imager (Stratagene, La Jolla, CA). Each experiment was repeated three times.
Experimental Animals and Surgical Techniques
Female C57BL7 mice from Taconic (Germantown, NY) weighing 60 to 90 g were used for the cell implantation experiments. The mice were housed in standard facilities and given free access to food and water. The experimental protocol was approved by the Institutional Animal Care and Use Committee of the Mount Sinai School of Medicine and met all federal guidelines. For induction of TRAIL, animals were allowed to drink freely of doxycycline-containing water (20 g/ml) up to the day of planned death. Stereotactic cell implantation is described elsewhere. 8 Briefly, mice were anesthetized with intraperitoneal ketamine-xylazine (5 mg/kg). After supplementation of local anesthesia with buprenorphine (0.03 mg/kg), a linear scalp incision was made, followed by bilateral burr holes located at the entry point of the stereotactic injection. The animals were then positioned in a stereotactic frame (Stoelting Co., Oak Dale, IL). Target selection was made using a standard mouse brain atlas. 34 For the striatum, coordinates were 0.62 mm anterior to the bregma, 2 mm lateral, and 3.5 mm deep to the cortical surface. For the corpus callosum, coordinates were 0.62 mm anterior, 2 mm lateral, and 2.5 mm deep. Cells were transplanted as described later.
At least three animals were examined at each of the following time points: 24 hours, 48 hours, 7 days, 3 weeks, and 6 weeks after transplantation. In addition, to rule out the presence of teratoma, four animals were allowed to survive for 12 weeks after transplantation.
Expression of TRAIL in ESC-Derived Astrocytes in the Mouse Brain: Cell Transplantation Techniques
The ESC-derived astrocytes were trypsinized, washed with Iscove modified Dulbecco medium plus 15% fetal calf serum, and resuspended in medium (3 ϫ 10 4 cells/l). Cell viability was checked using eosin and cells were labeled using a PKH26 cell linker kit (Sigma Chemical Co.) 20, 36 before implantation, according to the protocol outlined in the product data sheet. Cells were then loaded into a Hamilton syringe with a 21-gauge hypodermic needle fitted coaxially over the distal portion of the needle to avoid its deflection, and a 25-l volume of cell suspension (10 4 cells) was injected into the right hemisphere. The injection rate was 5 l/minute, allowing an additional 2 minutes after completion of the injection for pressure equilibration prior to slow withdrawal of the needle. A sham injection of Iscove modified Dulbecco medium without ESC-derived astrocytes was made into the left hemisphere for each animal. Incisions were closed with 3-0 nylon sutures, and the animal was allowed to recover on a warming blanket. Following transplantations, the remaining cells in the Hamilton syringe were recovered and cultured to confirm viability.
Histological, Immunohistochemical, and Brain Tissue Analysis
At each time point, animals were killed and their brains examined for cell viability and migration. To accomplish this, the animals were anesthetized with intraperitoneal ketamine-xylazine, and then perfused intracardially with cold 4% paraformaldehyde in phosphatebuffered saline. Brains were then removed whole and postfixed with 4% paraformaldehyde in phosphate-buffered saline at 4˚C for 48 hours. After identification of the needle entry point on the brain surface, the brains were embedded in Tissue Tak and sliced in the coronal plane in 10-m-thick frozen sections. Ten sections were taken in front and 10 in back of the point of injection. Alternating sections were either stained with H & E or processed for immunohistochemistry in appropriate experiments.
For immunocytochemical studies, differentiated cells were grown on glass cover slips (Fisher Scientific, Hampton, NH) coated with poly-D-lysine (Sigma Chemical Co.). For immunofluorescent labeling, cells were washed with phosphate-buffered saline, fixed in 4% paraformaldehyde in phosphate-buffered saline for 30 minutes at room temperature, washed again, preincubated in 10% normal goat serum (Sigma Chemical Co.) for 30 minutes at room temperature, then in primary antibody for 1 hour at room temperature. Primary antibodies and dilutions were as follows: monoclonal anti-glial fibril-lary acidic protein, 1:200 (Sigma Chemical Co.) and monoclonal anti-TRAIL, 1:200 (Chemicon International, Inc., Temecula, CA). Alexa 488 anti-mouse antibody (1:400) was used as a secondary antibody. Cells were then washed and mounted in Vectashield with added 4,6Ј-diamino-2-phenylindole-dihydrochloride (Vector Laboratories, Burlingame, CA), and examined under fluorescent microscopy by using the Openlab imaging system (Improvision, Lexington, MA). Omission of the primary antibody served as a negative control.
RESULTS
Expression of TRAIL by ESC-Derived Astrocytes Under Doxycycline Control
Expression of the inserted TRAIL transgene was assayed using RT-PCR and immunohistochemistry in ESC-derived astrocytes. The RT-PCR analysis (Fig. 1A) showed a readily detectable TRAIL expression 24 hours after doxycycline induction. The TRAIL expression was confirmed by immunohistochemistry findings (Fig. 1B and C) . These data confirm that ESC-derived astrocytes express the TRAIL transgene in vitro under the control of a doxycycline-sensitive promoter.
Migration of ESC-Derived Astrocytes After Transplantation Into the Mouse Brain
Coronal brain sections analyzed using a fluorescent microscope showed that 24 hours after the transplantation, cells appeared as a clump at the needle insertion site ( Fig.  2A and B) . Forty-eight hours after transplantation, ESC-derived astrocytes gradually started to migrate to the surrounding tissue (Fig. 2C and D) . These data show that ESCderived astrocytes are viable and retain their migratory capacity in the host tissue. Transplanted cells were found in the opposite cerebral hemisphere at 6 weeks ( Fig. 2E and  F) . Migratory ESC-derived astrocytes were found in white and gray matter.
Analysis of serial sections obtained in the brains of mice allowed to survive for 12 weeks after ESC-derived astrocyte transplantation did not show the presence of teratoma.
Expression of TRAIL by Transplanted ESC-Derived Astrocytes Under Doxycycline Control
To confirm the ability of the ESC-derived astrocytes to sustain transgene expression after transplantation, we administered doxycycline to the mice. Forty-eight hours after transplantation, TRAIL-positive cells were seen at the implant site (Fig. 3A and B) . The TRAIL-positive cells were not observed when TRAIL antibody was omitted or doxycycline was not administered to the mice (Fig. 3C) . Similar results were recorded at the other time points. These data confirm that conditionally expressing ESC-derived astrocytes maintain their ability to express transgene under doxycycline control in vivo.
DISCUSSION
The ESC-Derived Cells as Gene Therapy Vectors for CNS Tumors
Several types of cells have been suggested as gene therapy vectors for diseases of the CNS, including autologous BMSCs 26 or NSCs from the subventricular zone. Previously published studies in animal models show that these cell types are promising gene therapy vectors, with good engraftment and survival in the host brain, a favorable safety profile, and in many cases, the ability to "track" tumor cells within the brain parenchyma. 1, 6, 30 Currently, however, the restricted proliferative capacity of differentiated neural cell types 16 and the need to transfect them with viral vectors to express therapeutic genes have hindered the use of these cells. 17 We suggest that ESC-derived cells may have unique characteristics that provide advantages over other cell types for gene therapy of CNS tumors. First, the use of autologous NSCs or BMSCs requires a separate harvesting procedure (including an intracranial procedure in the case of NSCs) as well as time-consuming and expensive ex vivo expansion, transgene insertion, and directed differentiation, which would have to be conducted separately for each patient. In contrast, the unlimited proliferative capacity of ESCs could allow the maintenance of stocks of transgenic, predifferentiated cells for allotransplantation. Second, transgene insertion into BMSCs or NSCs generally requires the use of viral or episomal vectors, which can result in short-lived transgene expression, host immune responses, or insertional mutagenesis. 20, 27 In contrast, transgenic constructs can be permanently and clonally inserted into ESCs by using homologous recombination, resulting in large stocks of genetically homogeneous cells with predictable transgene expression. 7 In this study we describe sustained expression of a druginducible transgene after allotransplantation of ESC-derived astrocytes. Although formation of teratomas has been observed following transplantation of undifferentiated ESCs in rodent and primate models, 3, 15 transplantation of sufficiently differentiated populations of ESC-derived cells appears to minimize this risk. 5, 15 In our current study, no teratomas formed within the brain during 12 weeks of posttransplantation follow-up evaluation.
Migration of ESC-Derived Astrocytes Through Brain Parenchyma
Astrocytes have a number of theoretical and practical advantages as gene therapy vectors within the CNS. The ability of transplanted astrocytes to migrate through the brain parenchyma could depend on a number of factors, including the age of the transplanted astrocytes, the age of the host, and the region into which the astrocytes are transplanted. In this study, we demonstrate that ESC-derived astrocytes have significant migratory capacity after allotransplantation into the white or gray matter, spreading to the contralateral hemisphere and into both gray and white matter at 6 weeks posttransplantation.
This migratory capacity is essential if ESC-derived astrocytes are to be used to deliver gene therapy to malignant gliomas, which have similar patterns of infiltration into the brain parenchyma. This broad migratory capacity would also be advantageous if ESC-derived astrocytes are to be used for gene therapy in diffuse astrocytic diseases like Alexander disease. 9 Future studies will include determinations of whether culturing ESC-derived astrocytes for different periods of time affects migratory capacity. Recent evidence indicates that localized astrocytic dysfunction may contribute to mesial temporal lobe epilepsy.
14 Trans-genic astrocytes that would remain close to the site of transplantation could be well suited for gene therapy of this condition, and for treatment of movement disorders requiring anatomically precisely placed gene therapy vectors. We show tightly regulated expression of an hTRAIL transgene by mouse ESC-derived astrocytes following allotransplantation into the brain. Although TRAIL has shown efficacy as an antitumor agent in animal models, its safety remains unproven. 31 For TRAIL as well as for other therapeutic genes, the use of inducible systems to regulate transgene expression will be important for safety as gene therapy strategies continue to move into clinical trials. In addition, gene therapy for degenerative CNS diseases may be most efficacious if the levels of expression of transgenes that affect production of neurotransmitters can be increased or decreased. 18 Insertion of transgene constructs into ESCs by using homologous recombination allows the production of large, clonal pools of cells, permitting testing and accurate prediction of the robustness and control of drug-inducible transgene expression prior to transplantation.
Drug-Inducible Vectors for CNS Gene Therapy
CONCLUSIONS
Strategies for the delivery of target gene/chemotherapeutic agents to these brain tumors are compromised by the invasive nature of the gliomas and the blood-brain barrier. Adenoviral vectors or convection-enhanced methods seem promising, although they have documented drawbacks. 4, 27, 40 The migratory characteristics of ESC-derived astrocytes combined with the capability of carrying transgenes tightly regulated by external control shown in our study make ESC-derived astrocytes a promising new treatment modality for human malignant gliomas and other CNS diseases. 
